We investigate mechanisms of vortices termination underlying the low energy defibrillation in the heart (Nature, 475, 235-239, 2011). In order to control vortices, two problems should be overcome: both, the geometric positions of their cores, and the positions of their critical time windows, are not known during fibrillation. The first problem we have solved previously using an electric field pulse to excite the cores of all pinned vortices simultaneously. Approaches to solve the second problem are being developed. One of them is based on scanning the phase spaces of all pinned vortices in parallel to hit the critical time window of every pinned vortex. In this paper, we investigate the related physical mechanisms using simple two variable models as well as a detailed ionic model of the cardiac tissue. A similar mechanism terminates also a free (not pinned) vortex, when the vortex's core passes not very far from a defect. A series of about 500 experiments with termination of vortices during ventricular fibrillation in pig isolated hearts confirms that pinned vortices, hidden from direct observation, are significant in fibrillation. These results form a physical basis needed for creation of new effective methods for termination vortices underlying fibrillation.
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I. BACKGROUND
Vortices play a crucial role in many domains of physics, including catalytic waves, and condensed matter physics. In superconductors, the motion of free vortices induces dissipation, so pinning is required to maintain the superconductor state [1] . Pinning and depinning transitions are essential features of superfluid dynamics [2] .
Rotating electrical waves (vortices) and their instabilities underly cardiac chaos (fibrillation) [3] [4] [5] . Physics of the vortices is well understood, e.g. [6] [7] [8] [9] . But contemporary method of terminating the life-threatening cardiac fibrillation is still aimed at termination of not vortices, but all waves in the heart. It delivers a high energy electric shock, which is damaging and painful. Research aiming at reducing the energy to a non-damaging, pain-free level gave rise to methods [10] [11] [12] aimed at termination vortices rather than all waves. We investigate mechanisms of vortices termination by electric field pulses (Epulses).
Over a century ago, it was found that a single vortex (rotating wave or anatomical reentry) in a heart can be terminated with an electric pulse [13] . An electrode was placed close to the anatomical obstacle around which the wave rotates and a small energy electric pulse was delivered within a certain time interval, called critical window, or vulnerable window, VW (note that for a rotating wave, such intervals repeat within each lap).
This approach alone can not terminate fibrillation since there are multiple rotating waves with unknown and changing geometric locations and phases [5] . That is, we have two main problems: (1) the geometric positions of their cores, and (2) the positions of their critical time windows, are not known during fibrillation.
An approach to overcome the problem (1) was developed [14, 15] . Due to the bi-domain electric nature of cardiac muscle [16] , every defect in it that can serve as a pinning centre for a vortex, is at the same time an electric inhomogeneity. This allows an E-pulse to excite the cores of all pinned vortices simultaneously, regardless of the geometric positions of their cores.
Approaches to resolve the problem (2) are being developed. They are aimed to deliver a pulse into VWs of all vortices without knowing their relative phases ("po- sitions in time"). One of them is the phase scanning by E-pulses, with a phase step that is shorter than the VW, for all vortices in parallel. It was tested in experiment to terminate a vortex in a rabbit heart preparation [17] . Scanning with periodic E-pulses was used to terminate fibrillation [10, 18] . Termination of one vortex with periodic E-pulses was numerically investigated in [19] [20] [21] .
II. THEORY
In this paper, we investigate termination of multiple vortices. The difficulties arise due to the interaction of vortices. We investigate the excitation dynamics in the vicinity of the cores of pinned vortices. This allows to draw conclusions about the overall dynamics. When the VW of a vortex is hit by the E-pulse, this vortex is displaced to a new position. If the vortex was situated close to the tissue boundary, it is terminated. Our aim is that VW of every vortex is hit by an E-pulse ("all vortices are terminated").
Wave patterns were calculated using the Barkley model
in a rectangular domain with circular holes, with no-flux boundary conditions at the outer boundaries.
Pulses of electric field E are implemented as in [22] using the boundary conditions n · (∇u − E) = 0 at the boundaries of the holes. The numerical intergration used an explicit Euler scheme with a time step of 1.6 · 10 −3 and central-difference approximation of Laplacian with a space step of 1 6 . The Barkley model is formulated in non-dimensional units; for presentation purposes, we postulate that the time unit of the Barkley model is 20 ms and the space unit of the Barkley model is 0.5 mm; this gives physiologically reasonable time and space scales. Fig. 1 shows termination of two pinned vortices by Epacing. This can be achieved generically, for any parameters of the vortices, without knowing their geometric location and time positions of the VWs.
To hit the VW with an E-pulse, the phase space scanning ( Fig. 2a ,b) should be performed with steps s < VW. Thus, the VW length (at the chosen E, see Fig. 4h below) determines suitable values of s. Then, the number of pulses N to cover the whole phase space of a vortex is
where T v is the period of the vortex, s = T − T v is the scanning step, and T is the period of E-pacing. This gives the E-pacing period T = s + T v . Thus, all parameters of E-pacing (E, N , T ) can be set to guarantee that at least one E-pulse hits the VW. What does interaction of vortices change here? In cardiac muscle, the fastest vortex entrains slower vortices if there is a normal wave propagation between them. Then, only one frequency remains; this facilitates vortices termination. But entrainment ceases when the fastest vortex is terminated before the slower vortices are terminated, and then the frequency of the system changes. Here, two wave scenarios are possible, which we describe for the case of just two vortices: 1. If the period of the slower vortex T v1 < T , this vortex will be terminated by E-pacing with same period T , Fig. 2b. 2. If the period of the remaining vortex T v1 > T , the E-pacing with same period T may not be able to terminate it, Fig. 2c . Here, the E-pacing period should be increased to T 2 such that T v1 < T 2 . Thus, vortices can be terminated in any case. Experiments [10] underestimated the potential of the method since this mechanism was not known yet.
A similar mechanism can also terminate a free (not pinned) vortex when its moving core passes not very far (at distance L λ, where λ is the wave length) from a defect in the medium, serving as a virtual electrode, Fig. 3 . The success rate is the higher, the smaller is the distance L.
A mechanism reliably terminating a free rotating wave was found in 1983 [23] : waves with a frequency higher than the frequency of a rotating wave, induce its drift and termination on the boundary. Cardiologists used a high frequency pacing (anti-tachycardia pacing, ATP) well before the mechanism was understood. But ATP can not terminate high frequency rotating waves. The mechanism found here uses electric field induced wave emission; electric field penetrates everywhere, there is no frequency limitations that exist for waves propagating in the excitable cardiac tissue. An increased amplitude of electric field | E| results in defibrillation. The only known mechanism was: the wave emission is induced from a larger number of defects [15] . We found another mechanism: the duration of the VW increases with the electric field, Fig. 4g . The mechanism of the VW is related to change of topological charge in 1D and creation of new topological singularities in 2D. We illustrate it using time-separation analysis for the FitzHugh-Nagumo (FHN) equations:
Here f (u) = Au(1 − u)(u − α), and 1 is a small parameter permitting the time scales separation (for details of relevant formalisms see review [25] ). The wavefront propagation velocity θ can be estimated by assuming that the slow variable v is approximately constant across the wavefront. The propagation of the front is then described by Eq. (2) alone, where v is a constant parameter. Transforming the independent variables such that ξ = x − θt makes Eq. (2) an ordinary differential equation 
Vulnerability is a cardiological term coined for initiation of fibrillation by an electric pulse. In the physical language, vulnerability in 1 dim can be related to a Generic case: an electric pulse 3 ms duration is delivered far from the tail of an action potential (AP). t = 10 ms after pacing: a nucleated wave, very narrow, and the electrode (black square) below it. t = 75 ms: the nucleated wave developed into two counter propagating APs. Their total topological charge is zero. (d) Violation of the topological charge conservation. t = 10 ms: an electric pulse is delivered closer to the tail of the AP, inside VW. t = 75 ms: only one AP is induced. It propagates to the left only. The topological charge is changed. Cardiac ionic model [24] . (e,f ) 2 dim mechanism. change of the topological charge, and in 2 and 3 dim to creation of new phase singularites. In 1 dim, this phenomenon happens when the current injection nucleates a wave propagating in only one direction, Fig. 4d . This is in contrast to the generic case, where the topological charge is conserved, when the new wave propagates in two directions, Fig. 4c, or Then, a part of the nucleated wave has positive velocity (becoming the front of the wave) and another part has a negative velocity (becoming the tail of the wave), as in Fig. 4d ,f. Otherwise, all parts of the nucleated wave have velocity of the same sign. When velocity θ < 0, the nucleated wave shrinks and decays. In the opposite case, it enlarges in all directions, as in Fig. 4c , e. Vortices termination can be induced also by other mechanisms different from vulnerability, e.g. pacinginduced drift of a free vortex [23] , unpinning of weakly pinned vortices [26, 27] and by 3 dim mechanisms [28] .
III. EXPERIMENT
Results of about 500 experiments with vortices termination in the isolated pig hearts are presented in Fig. 5 . Fibrillation was induced and terminated as in [10, 18] . Graphs (a,b) show that the normalised frequency of pacingf = 0.77 is the most successful frequency among the frequencies used in the experiment, as it should be for termination of pinned vortices, see Eq. (1) and Fig. 2b .
The theoretical estimation of the success rate for termination of one vortex is shown as a dashed line in Fig. 5 . It corresponds to an electric field with the minimal amplitude giving success rate of termination 100%.
Minimum energy for termination a pinned vortex is achieved when the electric field amplitude is chosen so that the normalized vulnerable window VW(E) = 1/N , where N is the number of pacing pulses.
Maximum of the success rate is achieved when the pacing frequency f = f best , where f best is the frequency for which the normalized scanning stepŝ = 1/N .
When f < f best , i.e. T > T best , the scanning step s > VW, and the vulnerable window may be missed while scanning, thereby decreasing the success rate. When f > f best , so T < T best , the scanning stepŝ < VW = 1/N , and not the whole phase space is scanned. This also decreases the success rate.
In the experiment there is no way to measure the frequency of every vortex, and for an estimate of the fastest vortex frequency we use the dominant frequency measured during a fibrillation episode preceding the defibrillation attempt.
The dashed curve in Fig. 5 represents predictions of an axiomatic model based on these considerations. Let φ n ∈ [0, 1), n = 1, . . . , 5 describe the phase of a vortex at the moment of the delivery of the n-th E-pulse, and s =T −T v = (T − T v )/T d be the scanning step normalized by the period of the measured dominant frequency T d . We postulate φ n+1 = (φ n +s) mod 1, subject to two corrections: (i) if φ n+1 ∈ [1 − EG, 1), where EG is the normalized duration of the excitable gap, then φ n+1 is replaced with 0: this describes resetting the phase by the E-pulse, and (ii) if φ n ∈ [1 − EG − VW, 1 − EG), where VW is the normalized duration of the vulnerable window, then the vortex is considered terminated and the iterations stop. The presented curve corresponds to EG = 0.4, VW = 0.2, φ 0 taken uniformly distributed in [0, 1), and T v = T v /T d taken Gaussian with mean 1 and standard deviation 0.1, which represents the expected difference between the actual period of the vortex, T v , and the period of the measured dominant frequency, T d . This axiomatic model is for a single vortex. For two or more vortices, the success rate should be lower for frequencies between the frequencies of the leading vortex and the led vortices, due to the cases then the leading vortex is terminated first, dominant frequency changes and the conditions for termination are no longer optimal. This is precisely what is seen in Fig. 5 .
IV. DISCUSSION
Here, we investigated two extreme cases: permanently pinned vortices and permanently free vortices. There is no sharp transition between them. In cardiac muscle, there are heterogeneities of all sizes, including those to which vortices pin weakly. A weakly pinned vortex is pinned for some time only, then leaves the pinning center and moves as a free vortex, again for some time. When moving and meeting a pinning center, it may pin to it, or may reach the boundary of the tissue and disappear. Such intermediate types of rotating waves can be more easily terminated while they are pinned.
3 dim models are widely used in investigation of wave patterns induced by rotating waves, e.g. [9] . Study of vortices termination in 2 dim models is a necessary step for developing understanding mechanisms of 3 dim vortices termination in the heart. The first purely 3 dim mechanism of termination vortices in the heart tissue is described in [28] . Termination vortices underlying fibrillation is only a small part of a problem preventing and curing the cardiac arrhythmias where combination of molecular and dynamics approaches is prominent [29] .
In conclusion, we have shown mechanisms of terminating pinned and free vortices by electric field pulses when the geometric positions of their cores, and the phases of rotation are not known. These results form the physical basis for creation of new effective methods for termination vortices underlying fibrillation.
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